Because investigations of PAN at higher southern latitudes are very scarce, we measured surface PAN concentrations for the "rst time in Antarctica. During the Photochemical Experiment at Neumayer (PEAN'99) campaign mean surface PAN mixing ratios of 13$7 pptv and maximum values of 48 pptv were found. When these PAN mixing ratios were compared to the sum of NO V and inorganic nitrate they were found to be equal or higher. Low ambient air temperatures and low PAN concentrations caused a slow homogeneous PAN decomposition rate of approximately 5;10\ pptv h\. These slow decay rates were not su$cient to "rmly establish the simultaneously observed NO V concentrations. In addition, low concentration ratios of [HNO ]/[NO V ] imply that the photochemical production of NO V within the snow pack can in#uence surface NO V mixing ratios in Antarctica. Alternate measurements of PAN mixing ratios at two di!erent heights above the snow surface were performed to derive #uxes between the lower troposphere and the underlying snow pack using calculated friction velocities. Most of the concentration di!erences were below the precision of the measurements. Therefore, only an upper limit for the PAN #ux of $1;10 molecules m\ s\ without a predominant direction can be estimated. However, PAN #uxes below this limit can still in#uence both the transfer of nitrogen compounds between atmosphere and ice, and the PAN budget in higher southern latitudes.
Introduction
Peroxyacetyl nitrate (PAN) is an important compound within the class of reactive nitrogen oxides in the atmosphere. While it is mainly produced during the oxidation of organic compounds in the presence of nitrogen oxides, its destruction is dominated by thermal decompositon. Therefore, many "eld and modelling studies (e.g. Kleindienst, 1994; Moxim et al., 1996; Ja!e et al., 1997; Wang et al., 1998) have shown that high PAN concentrations not only occur in regions with strong sources of its precursors (e.g. highly polluted urban areas) but also at low temperatures in regions with no sources (e.g. Arctic, or middle and upper troposphere). Concurrent observations of PAN and the sum of reactive nitrogen (NO W ) have revealed that PAN can constitute up to 90% of the total NO W budget at higher northern latitudes or higher altitudes (Bottenheim et al., , 1993 Barrie et al., 1989; Bottenheim and Gallant, 1989; Muthuramu et al., 1994; Solberg et al., 1997; Singh et al., 1994 Singh et al., , 1998 Bradshaw et al., 1998; Talbot et al., 1999) . Despite lower PAN concentration at lower altitudes in remote marine areas, its decomposition has been found to be su$cient to maintain observed NO V ( "NO#NO ) mixing ratios (e.g. Jacob et al., 1996; Schultz et al., 1999) , thus demonstrating that PAN can act as a transport agent for NO V from its continental sources to remote tropospheric regions. As a result, PAN in#uences the NO V balance, which in turn critically controls photochemical production and destruction of ozone in many regions of the troposphere (e.g. Carroll and Thompson, 1995) .
In addition to its role in tropospheric photochemistry, PAN is thought to be of great importance for the air} snow-transfer of nitrogen compounds in high northern latitudes. Because PAN constitutes a large fraction of the arctic NO W budget, Munger et al. (1999) assume that it participates in the NO W transfer and must be taken into account for the interpretation of nitrate concentrations in ice cores. Moreover, a recent investigation of NO W gradients above the snowpack in Greenland indicate that NO W #uxes can be of di!erent size and direction compared to concurrently measured HNO #uxes (Dibb et al., 1998) . Due to PAN's high abundance in Greenland, it may be suggested that PAN contributes to the observed NO W
#uxes.
Despite its great impact at higher latitudes, no direct observations of PAN mixing ratios in Antarctica have been reported in the literature. Therefore, measurements of PAN concentrations were part of the Antarctica "eld campaign Photochemical Experiment at Neumayer (PEAN'99) performed at the German research station in the second half of the austral summer 1999. Besides this "rst experimental investigation of PAN mixing ratios in Antarctica, a wide range of chemical and physical variables were measured during this program, including NO, NO , HNO , and particulate nitrate (p-NO\ ). This suite of measurements provides a unique opportunity to study the partitioning of odd nitrogen compounds in the lower troposphere over Antarctica. We further investigated gradients of PAN concentrations in the lower 2.5 m above the snow surface to resolve #uxes of PAN between the atmosphere and the underlying snow pack.
Methods and instrumentation

Measurements of PAN, NO, NO
, HNO and p-NO\ concentrations were performed within the frame of the Photochemical Experiment at Neumayer 1999 (PEAN'99) campaign which was conducted between 25th January and 28th February 1999 at the German research station Neumayer (70339N, 8315W). This station is located on the EkstroK m ice shelf, about 8 km from the Atka Bay. The analysers were installed in a specially equipped laboratory container located 1.5 km south of the main station near the permanent Air Chemistry Observatory. In this location prevailing wind directions are from east. Concentrations measured during wind directions from the north could be a!ected by contamination from emissions of the base. During the campaign this situation occurred only on 14 February between 20:30 and 22:30 UTC. These data were discarded from the original data sets which were then used for further analysis. Normally, air masses advected to Neumayer passed over the continent for two to three days, but originate generally from marine regions.
Three di!erent inlet lines were used for collecting air samples for PAN measurements. For gradient measurements two inlet lines (each 9 m in length of 0.4 cm ID per#uoroalkoxy (PFA) tubing) were "xed at two vertical braces of a mast at 0.1 and 2.5 m height above the snow surface. At the beginning of the campaign the mast was erected approximately 5 m west of the container. Until the "rst gradient measurements the snow surface was completely renewed due to several days of strong snow drift. Inside the container both inlet lines were connected via a three-way Te#on valve with a manifold. The valve was switched every 10 min from the upper to the lower inlet line which were both #ushed with a #ow rate of about 7 l min\ leading to a residence time of the air samples in the tubes and the manifold of less than 3 s. In addition, a third inlet line (10 m of 0.4 cm ID PFA) was "xed at a height of approximately 2.3 m and equipped with a spray de#ector. This line was connected to the manifold during periods with strong snow drift. From the manifold air was sucked into the analyser using a second pump.
The method for the PAN measurements is based on electron capture gas chromatography with cryogenic pre-concentration technique (Schrimpf et al., 1995) . Details of the commercial analyser (Meteorologie Consult GmbH, GlashuK tten, Germany) were recently described . After enrichment for 7 min on a Peltier-cooled cryogenic sampling trap at 03C, desorption was maintained by quickly heating the pre-concentration loop. The gas mixture was transferred to the analytical column with nitrogen as carrier gas. The separation was performed within 10 min analytical cycles using pre-and main columns maintained at 123C. Only a selected fraction including PAN was passed from the pre-column onto the main column. The eluates of the main column were analysed by electron capture detection (ECD) at 603C. Calibration was based on photochemical synthesis of PAN using NO-premixtures in the presence of acetone and synthetic air (Warneck and Zerbach, 1992) . A #ow reactor equipped with a penray lamp (Meteorologie Consult GmbH, GlashuK tten, Germany) was used for the synthesis. The limit of detection (LOD) was derived from the noise of the output signal of the analyser when air produced by a clean air generator (PAG 003, Eco Physics GmbH, Munich, Germany) was analysed. A LOD of 5 pptv is obtained from two times the standard deviation of the noise. Multipoint calibrations were performed at the beginning and at the end of the campaign and showed good agreement resulting in an estimated overall precision of $15% or $3 ppt, whatever is higher.
NO was measured with a chemiluminescence detector (CLD 780 TR, Eco Physics GmbH, Munich, Germany) based on the conversion of ambient NO to excited NOH in a #ow reactor. A preceding reduction of NO to NO using a photolytic converter (PLC 760, Eco Physics GmbH, Munich, Germany) allows the selective detection of NO in a separate measurement cycle. The conversion e$ciency of the photolytic converter was determined every 5}7 days to be in the range of 63}66% throughout the campaign. The calculated accuracies of the NO and NO measurements were $2}3 and $3}4 pptv, respectively. LODs of 3 pptv for NO and 4 pptv for NO were calculated. Samples for HNO were collected in the Air Chemistry Observatory using a low volume threestage Te#on/nylon/nylon "lter combination described by Jones et al. (1999) . The air intake height for the "lter samples was approximately 7 m above the snow level. Local contamination by anthropogenic sources was prevented by a wind and condensation particle-controlled sampling procedure (Wagenbach et al., 1988) . The collected "lters were extracted using MilliQ water, the Te#on "lters having "rst been wetting with (200 l isopropanol. The solution was then analysed with an ion chromatograph to determine the nitrate content. Regular blank determinations were used to estimate an overall error including the IC error and the error of the sample air volume. Errors of 21% for HNO and 9% for p-NO\ were derived. The LOD calculated from twice the standard deviation of the blank values was found to be 1 pptv for both compounds.
In addition, continuous measurements of meteorological quantities (temperature, wind speed, wind direction, relative humidity) were routinely performed at Neumayer Station. All parameters except the PAN gradients were averaged to 20-min means. Because HNO concentrations are averages for longer sample integration intervals the obtained values were used for all 20-min intervals within the several "lter sampling periods. A comparison with PAN mixing ratios previously obtained in high northern latitudes (e.g. Bottenheim et al., 1994; Muthuramu et al., 1994; Beine et al., 1996; Jacobi et al., 1999) shows that the concentrations in the Antarctic obtained during this campaign were approximately one order of magnitude lower. This di!erence is probably due to the fact that the Arctic is surrounded by continents which are strong sources of PAN precursors (Roberts, 1990) . Trajectory analysis of PAN measurements at Ny-A s lesund, Svalbard, has demonstrated that air masses with origins over Europe or Asia were accompanied by higher PAN concentrations compared to air masses with marine or polar origins (Solberg et al., 1997; Jacobi et al., 1999) . The larger distance from other continents makes the transport of PAN or its precursors to higher southern latitudes less e!ective. Therefore, several global modelling studies have demonstrated that surface PAN mixing ratios in Antarctica could be considerably lower than in the Arctic (e.g. Moxim et al., 1996; Ja!e et al., 1997; Wang et al., 1998) . Moxim et al. (1996) and Wang et al. (1998) calculated mixing ratios below 10 pptv for Antarctica in January, while Ja!e et al. (1997) obtained concentrations between 10 and 30 pptv in April. The mean PAN concentration of 13 pptv observed during this study are in good agreement with the simulated results. However, they cannot explain our maximum values in the order of 40 pptv. These high concentrations can probably be explained by long-range transport of PAN-enriched air from lower latitudes or higher altitudes. Several airborne and ship-based "eld experiments have demonstrated that PAN mixing ratios are normally below 10 pptv in the MBL of the Southern Hemisphere (Singh et al., , 1998 Rudolph et al., 1987; Schultz et al., 1999) . In contrast, recent investigations onboard RV Polarstern showed that over the South Atlantic mean PAN concentrations of 60 pptv north of 493S can occur . MuK ller and Rudolph (1992) also found mixing ratios up to 100 pptv around 303S in air masses in#uenced by continental emissions. In addition, high PAN concentrations up to 140 pptv were observed in the upper and middle troposphere of the southern hemisphere (Singh et al., 2000) . For example, the global PAN distribution simulated by Moxim et al. (1996) shows concentrations in the range of 20}50 pptv at a height of 8 km at 603S. In order to investigate the in#uence of air mass origin, daily groundlevel 5-day back trajectories were analysed. Because PAN concentrations showed no systematic trends as a function of latitude or altitude of the initial points of the trajectories, an identi"cation of the source region of air masses with enhanced PAN concentrations remains impossible.
Results and discussion
PAN time series
Year-round measurements of PAN concentrations in higher northern latitudes have shown that PAN follows a distinct seasonal variation . During summertime PAN concentrations decrease due to increased photochemical destruction of its organic precursors. If the same annual variation of PAN occurs in the high southern latitudes it may be concluded that the PAN concentrations obtained during PEAN'99 were probably lower than the annual mean because the campaign was performed in late austral summer.
PAN lifetimes
For further investigations of the PAN concentrations, we calculated PAN lifetimes which are mainly dependent on the ambient air temperature. The campaign may be divided due to the meteorological conditions into consecutive periods of several days with either low wind speeds and temperatures or high wind speeds and temperatures accompanied with strongly drifting snow. The di!erent periods are indicated in Fig. 2 . The highest PAN concentrations were observed during the two periods with low wind speed and temperature. Although the mean mixing ratio for these periods was slightly higher (17 pptv) compared to the rest of the campaign (11 pptv), the di!erence in the PAN mixing ratios was not statistically signi"cant.
Reactions (R1)}(R4) demonstrate that PAN lifetimes are in#uenced by temperature as well as by concentration ratios of NO to NO and NO to organic peroxy radicals RO (Seinfeld and Pandis, 1998) .
We applied Eqs.
(1) and (2) to calculate PAN decay rates during the campaign using reaction rate constants reported by Bridier et al. (1991) and DeMore et al. (1997) and measured NO to NO ratios (Fig. 3) .
While the upper limit of the decay rates is de"ned by Eq. (1), the rates obtained with Eq. (2) represent only the lower limits. Additional reactions of acetyl peroxy radicals with organic peroxy radicals (R4) or aerosols can further increase the PAN decay rate. However, the actual decay rate is restricted to the range of the calculated upper and lower limits. Obviously, the decay rates can be lowered by more than one order of magnitude at high ratios of
Nevertheless, Fig. 3 shows that most of the calculated lower limits of the decay rate are similar to the upper limits de"ned by reaction (R1). While all calculated rates comprise a range of (10\}0.4 pptv h\, most of them ('75%) were in the much narrower range of 10\}10\ pptv h\. Assuming a mean rate of 5;10\ pptv h\ during the day with a sun shine duration of 12 h, a total decay of 0.6 pptv d\ may be estimated. This decay is equivalent to the concurrent NO V production because one additional NO molecule is formed during the decay of a PAN molecule.
Despite of the long lifetime, the observed PAN mixing ratios exhibit a high variability. Jobson et al. (1999) reported variability}lifetime relationships for di!erent regions in the troposphere and the stratosphere. They found a general relationship of the form
with s 6 the standard deviation of the ln of the mixing ratios, the lifetime in d, and A and b adjustable parameters. For the PEAN'99 campaign we calculated a standard deviation of the PAN mixing ratio of s ., "0.44 and a mean PAN lifetime of "30.3 d taking into account the thermal decomposition and the NO to NO ratio. Jobson et al. (1999) reported a maximum range of 1.6}4.3 for parameter A for organic compounds observed in remote marine and arctic regions. With these upper and lower limits of A and the measured quantities s ., and ., , we can calculate a range of !0.38 to !0.67 for the exponent b for our study using Eq. (3). Jobson et al. (1999) demonstrated that the exponent b is correlated to the distance from source regions. The lower limit of b"!1 can be expected for a region isolated from any sources like Antarctica, because for this condition the variability results solely from the amount of photochemical degradation in di!erent air masses. In contrast, the estimated range for b in this study is considerably higher. Given that the measured variability s ., is correct, the deviation of the estimated range for b to the expected value of !1 can be explained by a shorter PAN lifetime. The actual PAN lifetime is probably less than the calculated lifetime of 30.3 d due to further reactions of the acetyl peroxy radicals, reactions of PAN with OH and/or PAN photolysis; however, at the earth surface the last two reactions can be neglected (Roberts, 1990) . Instead, PAN deposition to the snow surface may be responsible for a signi"cant decrease of the PAN lifetime in the PBL of Antarctica. With the observed PAN variability and the expected parameter b"!1, we obtain lifetimes in the range of 4}10 d using values of 1.6 and 4.3 for parameter A in Eq. (3). A PAN #ux of 2}5;10 molecules m\ s\ is already su$cient to deplete a 100 m thick PBL with a homogeneous PAN mixing ratio of 13 pptv within 4}10 d.
The role of PAN acting as a precursor of NO V has been investigated for the remote troposphere over the tropical South Atlantic and South Paci"c Jacob et al., 1996; Schultz et al., 1999) . Although PAN mixing ratios were less than 5 pptv in the marine boundary layers, PAN decomposition accounted for NO V production rates of a few pptv h\ which was mainly due to the much higher temperatures in tropical latitudes. Further modelling studies have shown that these NO V production rates were su$cient to establish NO V mixing ratios of less than 10 pptv. Observations made in the middle to lower summertime troposphere over Alaska have indicated that under certain conditions the thermal decomposition of PAN alone could account for the concurrent measured NO V abundance in the lower 6-km tropospheric column (Singh et al., 1992b) , whereas in other cases the middle tropospheric (4}6 km) abundance of NO V may have been controlled by the degradation of other organic nitrates due to photolysis or reaction with OH .
Assuming the same mechanisms for the oxidation of NO V in the lower troposphere at higher northern and southern latitudes, the NO V decay rates can be estimated. Jacob et al. (1992) demonstrated that the main chemical sink is the reaction of NO with OH forming nitric acid HNO . For this reaction they found averaged rates of 2 pptv h\ in the lower 1 km of the troposphere over the North American continent. This rate was calculated for a mean NO V concentration of 25 pptv (Sandholm et al., 1992) which was a factor of 5.7 higher than the NO V mixing ratios of this study. Therefore, it can be expected that the NO V decay rates were also lower by the same factor giving a value of approximately 0.35 pptv h\. This rate is still higher than the maximum NO V formation rate due to thermal PAN decay (see. Fig. 3 ), thus indicating that PAN decomposition was probably not su$cient to maintain observed NO V mixing ratios (Fig. 4) . However, global modelling studies (e.g. Wang et al., 1998) show that surface OH concentrations in higher southern latitudes in January can be lower by a factor of 2}4 compared to northern mid-latitudes where PAN decay rates are comparable to NO V destruction rates . Taking into account these uncertainties in the OH mixing ratios during the campaign, the calculation of the NO V destruction of 0.7 pptv h\ is only a rough estimate. A modelling study using the measured mixing ratios as input parameters is necessary for a more precise comparison.
The appearance of methyl nitrate in the atmosphere has been at least partly attributed to a uni-molecular cyclic decomposition of PAN (Stephens, 1969; Senum et al, 1986; Roberts, 1990) due to the reaction
Although this pathway has been proven to be much less important than it once was thought to be, and may not occur at all (Orlando et al., 1992; Roumelis and Glavas, 1992) , we used the rate coe$cient reported by Senum et al. (1986) to derive an upper limit for the methyl nitrate formation. The calculated PAN decay rates equivalent to the methyl nitrate formation rates are shown in Fig. 3 . Even these upper limits were always less than 10\ pptv h\. During a former summer campaign at Neumayer, methyl nitrate mixing ratios in the range of 27}46 pptv with a mean concentration of 37$7 pptv have been observed (Jones et al., 1999) . These results have been con"rmed by alkyl nitrate measurements during this study (Jones et al., 2000b) . It can be concluded that the homogeneous formation of methyl nitrate in the gas phase due to reaction (R5) was negligible and other sources like long-range transport or oceanic emissions must be invoked to explain the local budget of methyl nitrate.
NO W budget
Another focus of the campaign was to compare PAN concentrations with concentrations of other reactive nitrogen compounds. Therefore, we present additional measurements of HNO and p-NO\ . The observed inorganic nitrate concentrations are shown in Fig. 5 . The values correspond to mean concentrations for the sampling periods of individual "lters represented by horizontal bars. Mixing ratios of HNO and p-NO\ were in the range of 1.8}8 pptv and 1.3}11.7 pptv, respectively. Averaged mixing ratios of 4 pptv for both compounds were calculated (see Table 1 ). . Other organic nitrates may contribute as well. The distribution of the individual nitrogen-containing species has been subject to several intensive "eld studies (Bradshaw et al., 1998) . The results have shown that in large parts of the troposphere NO W is dominated by NO V , PAN and inorganic nitrate, however, their contributions vary systematically. The NO V contribution is normally highest in regions with strong anthropogenic sources, PAN dominates in rural areas in temperate latitudes with active photochemistry including oxidation of organic compounds or at low temperatures at high northern latitudes and higher altitudes of the northern hemisphere, while the contribution of inorganic nitrate is highest in other remote parts of the troposphere. These variations can be mainly explained by the sources and sinks of the individual species, because the tropospheric lifetimes of PAN and inorganic nitrate are considerably longer compared to other nitrogen containing species like NO V , NO , N O or HONO. Similarly, the mean concentrations of PAN and NO V observed in this study di!er by a factor of 3. This ratio, however, remains highly uncertain taking into account the errors for both values in the low pptv range. Nevertheless, PAN concentrations were higher than NO V concentrations most of the time of the campaign (Fig. 6) . The mean ratio is in reasonable agreement with the PAN to NO V ratio of 10 pptv to 6 pptv estimated for the campaign in 1997 at Neumayer (Jones et al., 1999) . Nevertheless, this ratio is low compared to most of the values reported for Arctic regions. At higher northern latitudes PAN contributed up to 90% of measured NO W (e.g. Barrie et al., 1989; Solberg et al., 1997) inferring high PAN to NO V ratios. However, these high ratios were normally found during early springtime. Due to the negligible photochemical oxidation during the Arctic polar night, organic precursors of PAN are enriched in the Arctic troposphere leading to a signi"cant PAN production of 1}2 pptv h\ in large Arctic areas with increased radiation after polar sunrise (Solberg et al., 1997; Jacobi et al., 1999) . According to these processes, PAN mixing ratios in the Arctic exhibit a strong seasonality with highest values during spring and decreasing concentrations during summer corresponding to high PAN to NO V ratios in spring and lower ratios in summer. Thus, mean PAN and NO V concentrations observed in the lowest 3000 m of the troposphere over the North American high latitudes in July/August 1988 were equal (Bradshaw et al., 1998) , probably also as a result of continental NO V emissions. Compared to these results, the PAN to NO V ratio in this study was only slightly higher and, therefore, lower than expected taking into account the long distance to continental NO V source regions. The lower ratio may be at least partly attributed to a photochemical production of NO V within the "rn layer. Additional investigations during PEAN'99 indicated a possible NO V source strength of 5 pptv d\ in the PBL (Jones et al., 2000a) which is signi"cantly higher than homogeneous NO V production of 0.6 pptv d\ due to the decay of PAN. Furthermore, the results of this study show that HNO and NO V concentrations were comparable during the campaign. Although this ratio is also highly uncertain due to the uncertainties of the measurements, it is still obvious that observed HNO to NO V ratios were considerably lower than expected from results of modelling studies for remote tropospheric air masses (Chat"eld, 1994) . Simulated [HNO ]/[NO V ] ratios are in the range of 15}100 compared to measured ratios rarely exceeding a value of 10 (Fig. 6) . A lower ratio compared to simulated values can be due to several processes not included in the model like an additional source of NO V , an additional sink of inorganic nitrate or a conversion of HNO to NO V . Chat"eld (1994) and Fan et al. (1994) argued that a conversion of HNO in acid aerosols in the presence of formaldehyde could occur in the upper troposphere. However, the low [HNO ]/[NO V ] ratios are also consistent with a signi"-cant emission of NO V from the "rn layer.
PAN yuxes
Reactive nitrogen compounds can possibly play an important role in air}snow exchange in#uencing nitrate concentrations in the ice. The knowledge of these processes is crucial for a correct interpretation of nitrate signals in ice cores. Details of the mechanism of the deposition and evaporation of nitrogen containing compounds are still unknown. Singh et al. (1992a) as well as Dibb et al. (1998) speculated that the transfer of PAN can be of great importance for the deposition of nitrate to glaciers in Greenland. PAN deposition could be of similar importance for the Antarctic ice sheet taking into account that PAN contributes signi"cantly to NO W in higher southern latitudes.
Therefore, we performed consecutive measurements of PAN mixing ratios at two di!erent heights (2.5 and 0.1 m above the snow surface). Due to the analysis time of 10 min for each sample, measurements with a time resolution of 20 min were obtained at both heights linearly interpolated to calculate mixing ratios and di!erences in the mixing ratios between both heights every 10 min (Fig. 7) . The di!erences exhibited a strong variability within the range of $30 pptv. The average of the di!erence for the whole campaign was [PAN](2.5 m)! [PAN](0.1 m)"(0.2$6.6) pptv. It must be noted that due to the precision of the PAN analyser only concentration di!erences higher than 6 pptv can be resolved.
We further calculated PAN #uxes using the friction velocity uH which was obtained iteratively from Monin}Obukhov surface layer similarity theory with the following integrated equations:
u uH with¸being the Monin}Obukhov length; ¹ the mean temperature; the von Karmans constant ( "0.40); ¹H the scaling temperature; u the wind speed; z/¸the stability parameter; z the aerodynamic roughness length; and Pr the turbulent Prandtl number ( "0.83). Prandtl number, roughness length and the empirical constants + and 2 have been obtained from measurements at Halley station for typical conditions in Antarctica (King and Anderson, 1994) . The values of Pr"0.83, z "5.6 ) 10\ m, + "5.7 and 2 "4.6 were also applied for the calculations in this study. Moreover, the Monin}Obukhov length provides a measure of the stability of the surface layer. While the calculation of uH is only applicable at unstable (¸(0) and neutral conditions (¸0), values of uH were rejected if 0)¸)4 m. PAN #uxes F(PAN) were calculated using the following equation:
with z being the logarithmic mean of the measuring heights ( "0.5 m) and z"2.5}0.1 m"2.4 m. Fig. 7 shows the time series of the averaged 1-h-means of the PAN #uxes. In this case, positive values correspond to #uxes from the atmosphere to the snow and vice versa. Like the concentration di!erences, a great deal of variability is present in the calculated PAN #uxes and regular variations were not observed. Moreover, almost all of the values are within the range given by the uncertainty of the PAN concentration measurements. Fig. 7 also shows the upper and lower limit of the PAN #ux calculated with concentration di!erences of [PAN] ![PAN] "$6 pptv. Therefore, no predominant direction of the PAN #ux can be given. The results can only be used to estimate limits of the PAN exchange between the troposphere and the underlying snow pack. Except for three outliers on 15 February, all values including the standard deviations are within the range of $1;10 molecules m\ s\. The averaged PAN #ux was !4;10 molecules m\ s\ and was more than two orders of magnitude lower than the limits of the observed range. Overall, it appears that if there was any PAN transfer, it was considerably less than the limits of $1;10 molecules m\ s\.
Compared to NO W #uxes observed at Summit, Greenland (Dibb et al., 1998) the calculated upper limit for PAN #uxes for this study is one order of magnitude lower. Arctic PAN mixing ratios, however, are considerably higher than in Antarctica resulting in higher #uxes between atmosphere and ice under same conditions. On the other hand, the limit is still two orders of magnitude higher than the production rate of NO and NO of 9;10 molecules m\ s\ observed in Antarctic snow (Jones et al., 2000) . Additionally, a PAN #ux of 5;10 molecules m\ s\ would lead to a PAN lifetime of less than 10 d due to deposition assuming a 100 m thick PBL with a homogenous PAN concentration of 13 pptv. This lifetime is much shorter than the value calculated for homogeneous PAN decomposition and is in much better agreement with the variability}lifetime relationship of PAN.
Conclusions
Although the observed mean PAN concentrations in Antarctica of 13 pptv are in good agreement with the results of global modelling studies, PAN is less important in tropospheric nitrogen chemistry at higher southern latitudes compared to other remote tropospheric regions probably due to its long chemical lifetime even in the Antarctic PBL. Moreover, even though PAN concentrations were sometimes higher than model predictions and were high compared to concentrations of NO V and inorganic nitrate, homogeneous PAN decomposition is probably not an important source of photochemically active nitrogen compounds. Consequently, further modelling studies are necessary to investigate the role of PAN in tropospheric photochemistry at higher southern latitudes.
Despite the fact that this investigation of PAN #uxes between the atmosphere and snow using the gradient method was limited by the analyser's precision, resulting in a lower limit of veri"able #uxes of $1;10 molecules m\ s\, even signi"cantly lower PAN #uxes can be of importance for the exchange of nitrogen-containing compounds between the atmosphere and the surface snow in Antarctica. The variability of the PAN concentrations which is considerably higher than expected for a long living trace gas in a remote tropospheric region could be explained by the rapid deposition of PAN onto the ice shield. Further measurements with higher resolution and precision are necessary to investigate if PAN #uxes between the atmosphere and snow can be important either for the exchange of nitrogen-containing compounds between the atmosphere and ice or for the PAN destruction and formation in the PBL of Antarctica.
While it can be assumed that long-range transport enhances PAN concentrations considerably above the mean concentration, PAN deposition onto the snow surface may be crucial for the determination of PAN lifetimes in the PBL. Further investigations are necessary to quantify both processes because of their potential to in#uence the PAN budget in high southern latitudes, thus altering the role of a major contributor of NO 
